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Abstract 
Many countries in the world investigate the role of concentrated solar power for the future electricity generation. The technology 
bears many advantages in comparison with other renewable energy sources, as it can be combined with thermal energy storage 
and can thus be used to supply peak electricity and provide a higher flexibility and dispatchability. Available concepts differ in 
terms of energy yield, degree of dispatchability and levelized cost of electricity generation. Moreover, the possible contribution 
of CSP plants to grid security remains often unclear. 
For the example of South Africa, a booming economy with ambitious climate protection targets, we demonstrate the applicability 
of an innovative method to analyse the future role of concentrated solar power with and without storage. Based on a calculation 
of energy yield and energy provision characteristics and a probabilistic reliability method we show that storage capacity 
substantially affects firm capacity. Results show that depending on the additional CSP capacity and storage configuration which 
is added to the energy system, capacity credits range from 22% to 34% for systems without storage, 47% to 69% for CSP plants 
with limited storage and 84% to 93% for configurations with an extended storage configuration. 
Using an integrated energy system optimization model, we identify that CSP with appropriate storage size is a suitable option to 
cost efficiently mitigate greenhouse gas emissions. In an ambitious GHG mitigation scenario for South Africa, CSP would be one 
of the most important mitigation measures, providing about one quarter of the total electricity in future. The results also show 
that it is crucial to consider the share of renewable firm capacity through the future procurement of CSP capacity with 
appropriate storage size in future energy planning. 
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1. Introduction 
The worldwide installed CSP capacity increased rapidly in the last years. Since 2004 especially the introduction 
of governmental supporting schemes in the renewable energy sector facilitated the introduction of CSP plants in the 
national energy mix of sun rich industrial countries (e.g. Spanish Royal Decree 436/2004) but also in the fast-
growing transition countries like South Africa (e.g. Renewable Energy Independent Power Producer Procurement 
Programme (REIPPPP) [1]. By the end of 2013 approximately 3340 MW of CSP was installed worldwide. Facilities 
which are currently under construction and under development will result by 2017 in a worldwide installed CSP 
capacity of 8137 MW [2].  
Currently, South Africa is reliant on conventional emission intensive power generation based on local hard coal. 
The South African government, however, is investigating suitable mitigation and adaption strategies for the country 
and is formulating ambitious greenhouse gas (GHG) reduction targets. With the implementation of the Renewable 
Energy Independent Power Producer Procurement Programme (REIPPPP) in 2011, the government aims to facilitate 
renewable energy projects to access the South African energy market. In spite of this incentive programme and an 
increasing share of fluctuating electricity generation, the deployment of concentrating solar thermal power plants 
(CSP) with storage, which are capable to deliver constant or dispatchable electricity to the grid, is an interesting 
option to compensate the effect of new intermittent sources that affect energy system security. The future role of 
CSP in South Africa has yet to be defined, either to supply dispatchable CSP capacity to cover peak demand or to 
provide base load power to substitute conventional coal power plants.  
This paper aims to demonstrate the market potentials of different CSP-configurations as part of an integrated 
system using the energy system model generator TIMES. By considering representative CSP configurations with 
certain storage sizes, the energy yield and the effect of these plants on energy system security is evaluated via the 
calculation of the capacity credit. The analysis is focussed on Gauteng Province, which is the industrial hub of the 
country and on the sun drenched locations such as Upington, where South African CSP projects are currently built.  
2. Literature review 
The expected energy yield from hourly irradiance data at a certain location can be calculated by using a CSP 
system performance model. These performance models can be divided into two groups: first, performance models 
based on existing empirical values and, second, those which use a bottom-up approach by calculating the energy 
balances on the basis of the physical and geometric properties of the system investigated [3]. The following analysis 
focuses on the second approach. Stine and Geyer [4] describe a solar energy system model (SIMPLESYS) with a 
control logic that determines the appropriate mode of operation for every time step. Wagner and Gilman [3] 
developed an even more advanced solar energy model, the so-called Physical Trough model, which is used in the 
well-known NREL System Advisor Model (SAM). This more complex control logic chooses between four 
operating modes, which indicate if the operation of the turbine can be ensured and determine the defocusing 
parameter of the solar field. Moreover, the model considers part load behaviour when energy is below the design 
power point.  
Methodologies to measure the capacity credit are based on power system reliability methods. According to 
Ensslin et al. these methods can be divided in approaches using chronological datasets and approaches using 
probabilistic datasets [5]. If chronological data for the same year for the capacity in question and the loads are not 
available, or an investigation of a future scenario is intended [6], a probabilistic approach can be applied. The main 
criteria in these models are the Loss of Load Expectancy (LOLE) or the Loss of Load Probability (LOLP). The 
LOLE is the number of hours in which the power system is not able to meet the demand during a certain period. The 
LOLP is the probability that the demand will exceed the available generation [5].  
Amelin compared different capacity credit calculation methods and found that all methods except one (i.e. 
Guaranteed Capacity Method, see also [7]) perform well in considering how the added capacity in question affects 
the power system [8]. Söder and Amelin calculated the capacity credit of wind power using two different approaches 
the secured capacity approach and the equivalent firm capacity approach (or Effective Load Carrying Capability). 
They found that the latter method leads to more realistic and stable estimations of the capacity credit [9].  
 J. Tomaschek et al. /  Energy Procedia  69 ( 2015 )  1711 – 1721 1713
For South Africa several studies have been performed on the calculation of the capacity credit and especially the 
impact of fluctuating energy sources like wind power plants on energy system security [10] [11]. However, the 
capacity credit of CSP plants of varying storage size and their impact on energy system reliability has not been 
assessed so far. Moreover the importance of firm capacity to meet peak demand was addressed in South Africa’s 
Integrated Resource Plan (IRP) by indicating capacity credit values for all electricity generating technology [12]. 
However the capacity credit values reported for CSP power plants in the IRP [12] [13] are not scientifically derived. 
They report a capacity credit for CSP of 50%, which might be a relatively low estimate and does not reflect the 
reliability of CSP plants with extended storage capacity.  
Several scientific works analyse the potential of CSP power plants with storage using electricity dispatch models 
(e.g. [14] [15] [16]). For example using the REFlex model it was identified that CSP with storage can improve grid 
flexibility and thus be part of decarbonisation strategies for the electricity sector [17]. While these models cover the 
electricity system and allow analysing dispatch strategies under given demand projections, they do not cover the 
interlinkages and interdependencies in the whole energy system. For example, energy efficiency measures within the 
demand sectors or possible substitutions of energy carriers are not part of such models or given exogenously.  
Energy system models allow analysing the whole energy system to give an integral view on all energy sectors. 
Energy system models aim to provide a rational basis to derive energy policies and for energy-economic decision 
making. Frequently used energy system models are for example MARKAL/TIMES, MESSAGE, PRIMES and the 
LEAP model. 
Malagueta et al. analyzed the perspectives of CSP technologies for the Brazilian energy system, using an 
application of the MESSAGE model [18]. In their analyses they compared different parabolic trough CSP designs 
including hybridization options and thermal storages. In their results, CSP is likely to play only a minor role for 
Brazil in future, due to cheaper electricity supply options such as hydroelectric power plants and the use of bagasse. 
The possibilities of using CSP as base load power-supply in competition with fluctuating renewable energy sources, 
however, were not focus of their analysis.  
A study on the dispatchability of CSP plants in the electricity systems of Morocco and Algeria came to the result 
that, due to the higher levelized cost of electricity generation in comparison to other renewable electricity generation 
technologies, the advantages of CSP are only required if high shares of renewable energy are emphasized in the 
electricity mix [19]. The analyses was based on a bottom-up linear optimization model which only covers the 
electricity sector and thus cannot cope with all the interlinkages in the energy system and competitions among scare 
natural resources. 
3. Methodology 
Today there are four main CSP technologies that have reached commercialization: the Parabolic Trough System, 
the Linear Fresnel Reflector System, Power Tower Systems and Dish/Engine Systems. We chose as a characteristic 
concentrated solar power plant the Parabolic Trough System as it currently shows the largest installed CSP capacity 
worldwide among the different CSP technologies [2]. 
To calculate the share of firm capacity of different CSP configurations and their effect on the total energy system 
three methodological steps were applied. First characteristic CSP plant configurations for the most prevalent CSP 
technologies were identified. This was done by calculating the electricity yield for a typical collector array at 
different storage sizes at a plant location in South Africa using a self-developed CSP performance model, which can 
be used to calculate cost optimised CSP configurations depending on plant dimensions and load structure that should 
be satisfied [20]. This model is based on Stine´s model [4] and expands the basic control logic with additional 
decision nodes (e.g. the regulation of the contribution of co-firing and the introduction of additional transition modes 
for the plant). Secondly, the effect of the characteristic CSP configurations with and without storage on energy 
system security is investigated by calculating the capacity credit of the technology, using the method described in 
[8] [9]. In the third step, we applied an integrated energy system model to assess the market potentials for CSP 
technologies, taking into account different political frame conditions.  
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3.1. CSP performance model 
Besides the solar resources at the power plant site the electricity generated by a solar thermal power plant is 
influenced by several factors. First, it has to be specified what role in the electricity supply system is envisaged for 
the power plant. For this study we assumed that for CSP configurations including a storage option a constant 
demand structure should be satisfied (see Table 1 demand structure “constant”), whereas the configuration without 
storage feds all the energy produced immediately into the grid (see Table 1 demand structure “flexible”). We derive 
the economic parameters based on an economic assessment of the different plant cost components.  
In the first step the energy yield of different CSP configurations is calculated by using a technical performance 
model [21]. The presented control logic makes use of a power plant control logic that decides which part of the CSP 
plant fulfils the demand structure depending on the time of day, incoming irradiation, storage capacity and co-firing 
rate. During a characteristic day, different power plant subsystems contribute to the electricity production. During 
daytime the direct irradiation is collected by the solar field which delivers the collected heat to the conventional 
steam cycle to generate electricity. The surplus of energy collected is fed to a storage option, which enables the plant 
to produce electricity during night-time or times of lower insolation. If both the collector and the storage are not able 
to meet the demand, a diesel fuelled heater is used to ensure the operation of the system.  
Table 1: Basic technical data and assumptions for configurations investigated and the resulting optimal storage capacity for the power plant site 
Upington (Northern Cape) 
Technology Configuration Aperture area  Storage capacity Demand structure 
Parabolic Trough 
Solar only 600,000 m2 - Flexible (106MW) 
Limited storage 600,000 m2 1080 MWhth Constant (50MW) 
Extended storage 1,200,000 m2 1990 MWhth Constant (50MW) 
Calculation based on [21]. 
 
By connecting the site specific energy yield with the costs of the different CSP components an optimal storage 
capacity can be found for a specific collector field area (see Table 2). The performance model provides as an 
outcome the hourly energy yield of the different CSP configurations. To apply this data set for the capacity credit 
calculation (section 3.2) it was assumed that the CSP plants including storage can adopt two states, whereas for the 
CSP plant without storage option a duration curve was created as a probabilistic representation of CSP generation. 
Table 2: Economic parameters of the investigated parabolic trough configurations in South Africa in 2010 and in 2040. 2040 figures are in 
parenthesis.  
Technology Parabolic Trough 
Configuration 
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Investment costs 
Solar field ZAR2010/m2 2785 (1560) 2785 (1560) 2785 (1560) 
Storage ZAR2010/kWhth_St 552 (335) 552 (335) 552 (335) 
Power Block ZAR2010/kWel 
12664 
(10515) 
12664 
(10515) 
12664 
(10515) 
Grid connection MZAR2010/km 17.4 (17.4) 17.4 (17.4) 17.4 (17.4) 
Indirect costs ZAR2010/kWel 2837 (1932) 5800 (3647) 10147 (6128) 
Personal costs ZAR2010/(kWel·a) 81 (81) 170 (170) 233 (233) 
Insurance ZAR2010/(kWel·a) 156 (106) 319 (201) 558 (337) 
Diesel price ZAR2010/GJ 217 (292) 217 (292) 217 (292) 
Lifetime a 20 20 20 
Discount rate 8% 8% 8% 
* 1 €2010 corresponds to 9.698 ZAR2010. Calculation based on [21]. 
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3.2. Capacity credit 
For the calculation of the capacity credit via a probabilistic reliability model four requirements were considered: 
Firstly, correct time series of the electricity load were determined from [22]. Secondly, the energy yield from 
different CSP plant configurations was determined on an hourly basis using the performance model outlined above. 
Thirdly, the existing South African power plant inventory and the power plant outage rates were determined. The 
existing energy system is based on the inventory reported in [23] and reflects the installed power plant capacities in 
South Africa, whereas a generic demand structure was modelled based on the demand structure reported in [22] and 
[24]. In the last step a target reliability of the investigated energy system was defined to apply the capacity credit 
method. Table 3 outlines the definitions of the most important parameters which are used in this study to calculate 
the capacity credit. 
Table 3: Definition of main parameters for capacity credit calculation (based on [8]) 
Parameter Defintion 
݇ Number of power plants of the investigated energy system 
ܦ Demand of the system 
ܩ෠௧௢௧ Total installed capacity of k-units 
ܩ෠௞ାଵ Unit in question which is added to the energy system 
௧ܱ௢௧  Sum of all outages of the energy system 
ܧ Equivalent load, Demand excluding all energy outages. 
݌௞ Availability of unit k 
ݍ௞ Unavailibilty of unit k 
ݔ Equivalent firm capacity (capacity credit): The capacity of 100% reliable unit which results in the same loss of load probability of the energy system as the unit in question 
 
The capacity credit is calculated by determining the Equivalent Firm Capacity (EFC), which quantifies the share 
of firm capacity if an additional power plant capacity is added to the existing energy system. The firm capacity of an 
additional unit reflects the amount of a 100% reliable unit which guarantees the same probability of an energy 
outage as the unit in question. The probability of an energy outage of an energy system is also known as loss of load 
probability (LOLP). Equation 1 gives the mathematical formulation of the LOLP for an energy system with k-units. 
It calculates the probability that the equivalent load (=demand excluding energy outages) of the energy system E୩ 
exceeds the total installed capacity σ G෡୥୩୥ୀଵ . 
 
ܮܱܮ ௞ܲ = ܲ൫ܧ௞ > σ ܩ෠௚௞௚ୀଵ ൯ = ܨ෨ாೖ൫σ ܩ෠௚
௞
௚ୀଵ ൯ (1) 
 
The calculation of the probability distribution of the equivalent load is done by calculating the duration curve 
with Equation 2 
 
ܨ෨ாೖ(ݔ) = ݌௞ܨ෨ாೖషభ(ݔ) + ݍ௞ܨ෨ாೖషభ(ݔ െ ܩ෠௞)  (2) 
 
also known as Baleriaux-Booth formula with the equivalent load duration curve F෨୉ౡ  for k units, F෨୉ౡషభ  the 
equivalent load duration curve including k-1 units, the availability of the k-th unit p୩ and the unavailability of the k-
th unit q୩ . If an additional unit k+1 is added to the system the new loss of load probability LOLP୩ାଵ  can be 
expressed as 
 
ܮܱܮ ௞ܲାଵ = ܲ൫ܩ෠௧௢௧,௞ + ܩ෠௞ାଵ < ܦ൯ = ܲ൫ܩ෠௧௢௧,௞ + ݔ < ܦ൯  (3) 
 
and the random variable of the additional unit G෡୩ାଵ. If this variable is expressed as an additional capacity x with a 
100% availability (as on the right hand side of equation 3) the capacity credit can be calculated as equivalent firm 
capacity [8] [9]. In the following the capacity credit will be expressed as percentage of the capacity in question 
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which is added to the energy system as  
 
ܥܥ = ௫෠ீೖశభ
  (4) 
 
3.3. Energy system modelling 
The TIMES energy system model is a model generator, developed within the Energy System Technology 
Analysis Programme (ETSAP) of the International Energy Agency [25]. The TIMES modelling environment is a 
flexible toolkit to analyse the perspectives of energy technologies and for formulating energy and climate protection 
strategies. The model generator allows the user to define temporal and spatial modelling resolution as well as 
technology information, depending on the research question to be analysed. Thus, the spectrum of available model 
applications is vast, covering world models (e.g. TIMES-TIAM, a global model with 15 regions [26]), national and 
multinational-applications (e.g. [27], [28], [29], [30], [31]) as well as local and regional analyses (e.g. in Pesaro for 
Italy [32] or for rural households in Southern Africa [33], [34]). 
TIMES is a linear optimization model, usually operated with perfect foresight. This means that the entire future 
model time horizon is taken into account for giving an optimal strategy under the assumed conditions of a scenario. 
The general objective function ݖ is based on minimizing total (discounted) system costs, under the constraints r as 
shown in equations 5 and 6. 
 
ݖ: ܿ଴ = σ ܿ௞ · ݔ௞ + ܿ௡௞ୀଵ
!
=݉݅݊      (k = 1,….., n)  (5) 
 
ݎ௜: ܽ௜௞ ή ݔ௞ ൑ ܾ௜       (i = 1,…, m)  (6) 
 
The continuous decision variables x  and the right hand side (RHS) constants b  are non-negative variables. 
Examples for model constraints are efficiency relationships, utilization constraints or GHG mitigation targets and 
quota for renewables. Cost components of the objective function comprise annual capital costs for investment 
decisions, fixed operating and maintenance costs, as well as variable costs, cost of imports and revenues of export. A 
general interest rate is used for discounting to base year, whereas technology specific discount rates can be applied 
for calculating annuities. 
Model inputs are inter alia assumptions regarding the development of demand for energy services, such as heated 
floor areas, processed materials or mobility. Furthermore, energy carrier prices and resource availability have to be 
formulated for primary energy sources considered. Also technological and economic parameters such as cost or 
efficiency of individual processes in the respective areas of the energy system are given exogenously. The model 
solution in the decision variables determines the production level of technologies, energy flows, emission levels, as 
well as Investment decisions in the respective scenario. In addition to the energy balances, capacities balances are 
calculated in TIMES, in which – in the case of electricity generation – power plants are accounted for their capacity 
credit. 
In this analysis, we make use of the TIMES-GEECO energy system model for South Africa and its economic 
centre, Gauteng Province [35] [36]. Within the model, all the demand sectors (i.e. residential, transport, industry, 
commerce and public buildings) are explicitly represented in terms of their energy service demands and numerous 
technical demand devices. Furthermore, the model incorporates a representation of the full energy supply sector for 
Gauteng as well as for South Africa as a whole, which enables an optimal allocation of scare resources. In terms of 
electricity supply, various fossil and renewably energy options have been considered (Table 4). 
The investigated CSP configuration types and their respective capacity credit values are integrated into the 
model. The detailed representation of technologies, as well as the feature of TIMES-GEECO incorporating 42 sub-
annual timeslices (of which the shortest fraction represents one typical hour) allows to identify which type of CSP 
technology (e.g. parabolic trough, solar tower etc.) and in which configuration (e.g. storage size, co-firing) is 
capable to permit grid integration under minimum costs. 
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Table 4: Electricity provision options in the TIMES-GEECO model 
Energy source Process 
Coal 
Pulverized fuel (PF) dry cooled  
Fluidized bed combustion (FBC)  
Supercritical coal  
Integrated gasification combined cycle (with and without CCS) 
Natural gas Combined cycle gas turbine Open cycle gas turbine 
Fuel oil Combined cycle gas turbine Open cycle gas turbine 
Hydropower Hydro power plants (2MW) Pumped storages 
Nuclear  Pressure water reactor 
Wind energy Wind energy converter (3 wind speed areas) 
Wood / Biomass Wood-co firing in coal based power-plants  Electricity production from sewage gas or landfill gas 
Solar energy 
Photovoltaics (on residential, industrial and commercial roofs; greenfield) 
CSP Parabolic Trough with no storage, 6h storage and 12h storage 
CSP Solar Tower with no storage, 6h storage and 12h storage 
 
For our analysis we differentiate two scenarios. First, the implemented policies (IPO) scenario assumes a 
continuation of current legislation as well as of existing plans within in the energy sector. The IPO scenario thus 
reflects not only a ‘business as usual’ case but incorporates the likely future policy making process. The LRS 
scenario, in contrast, reflects the national aim of reducing GHG emissions to a level which corresponds to a global 
warming of 2 degrees Celsius as pointed in the required by science scenario defined in the Long Term Mitigation 
Scenarios for South Africa [37]. This figure translates into a 42% reduction of the attributable GHG emissions of 
Gauteng in the year 2040 in comparison to the year 2010. 
4. Results 
Results of the CSP performance model show that the energy yield of CSP plants is highly dependent on power 
plant location and the storage capacity; expressed by the ratio between thermal energy from collector area and 
thermal energy needed to power the steam turbine. If surplus of energy from the collector field is used for feeding a 
thermal storage different demand structures can be satisfied. Based on the investment costs of the different power 
plant components and the solar multiple of the system an optimal storage capacity is found, and the availability and 
energy yield can be calculated (see Table 5). 
Depending on the configuration investigated, and present and future investment costs of the power plant 
components, levelized electricity costs of CSP range from 143 ZARcent2010/kWhel to 173 ZARcent2010/kWhel and 
from 113 ZARcent2010/kWhel to 117 ZARcent2010/kWhel in 2010 and 2040 respectively. Comparing these figures 
with levelized electricity costs of other renewable energy technologies, open space photovoltaics at 
158 ZARcent2010/kWhel and especially wind power plants at 63 ZARcent2010/kWhel show significant advantages in 
terms of electricity provision costs. However, these figures cannot be directly compared as the fluctuating nature of 
electricity generated by photovoltaics or wind power plants results in a lower system availability and capacity credit. 
Therefore levelized electricity costs cannot be seen as the only factor in obtaining a cost-optimised energy system 
solution but also the power plant’s ability to provide dispatchable or base load power must be taken into account.  
For example, if a capacity of 5000 MW (12% CSP penetration level of energy system = high penetration level) is 
added to the existing generation capacity, which is the planned CSP capacity in the IRP “Advanced Decline” 
scenario in 2040 [12] the capacity credit accounts for 22.3% for the configuration without storage, 46.7% for the 
configuration with limited storage and 84.2% for the configuration with extended storage. Table 5 summarizes the 
different configurations investigated in this study and depicts the energy yield and average availability under South 
African irradiance conditions. 
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Table 5: Energy yield, availability per annum and range of capacity credit values at differing CSP penetration levels (1000 MW-5000 MW) for 
Parabolic Trough Systems in the South African energy system. 
Configuration Solar Only Limited Storage Extended Storage 
Power plant location Upington Upington Upington 
Aperture area [m2] 600,000 600,000 1,200,000 
Capacity [MWel] 106 50 50 
Energy yield [GWhel] 265.6 242.9 388.3 
Full load hours [h] 2506 4857 7766 
Levelized electricity costs 2010 [ZARcent2010/kWhel] 143 155 173 
Levelized electricity costs 2040 [ZARcent2010/kWhel] 117 119 113 
Capacity Credit 
Max (at low penetration level) [%] 33.6 69.0 93.3 
Min (at high penetration level) [%] 22.3 46.7 84.2 
 
The scenario analysis using the TIMES-GEECO model indicates that under current implemented policy 
conditions (IPO scenario) CSP will probably not play a major role with only small capacity being installed. Here we 
have calculated that 0.7 TWh net electricity provision will be attributable to Gauteng, which corresponds to about 
1% of the total electricity supply for the province. Main renewable energy sources in electricity provision are wind 
and water. Main contributors to electricity provision under implement policies, however, are coal-fired power plants. 
These are calculated to provide 146 TWh of the total of 157 TWh in IPO scenario in the year 2040 (Fig. 1). 
Under the conditions of the reference scenario the dependence of the South African energy system on coal 
continues. Primary energy consumption of coal increases from about 1,150 PJ in 2010 to 1,800 PJ in 2040 (+65%). 
Renewable energy sources remain insignificant in terms of their total contribution to primary energy consumption 
(i.e. 125 PJ or 5% in 2040), although this is a significant increase in comparison to only 11 PJ in 2010. Total GHG 
emissions increase to more than 200 Mt CO2e in 2040 which corresponds to an increase of about 73 Mt CO2e or 
57% in comparison to the value of the year 2010. This shows, that the envisaged aim of climate protection cannot be 
reached under current policies and that further efforts are necessary.  
 
 
 
 
 
 
IPO scenario (2040) 
0.15 GW / 0.7 TWh PT lim. storage 
 
LRS scenario (2040) 
1.2 GW / 5.9 TWh PT lim. storage 
3.4 GW / 26 TWh PT ext. storage 
Fig. 1: Electricity provision in the “implemented policies” scenario (IPO)  
in comparison to the low carbon province required by science scenario (LRS).  
A different picture can be seen in the LRS scenario, which aims for a total GHG emission reduction of 42% in 
comparison to 2010 values (i.e. 74 Mt CO2e in total in 2040, LRS scenario). The model results show that this 
reduction can cost-optimally be achieved by major changes within the electricity provision in addition to further 
changes in the demand sectors as well as in fuel provision (Fig. 2, left). 
The modelling rationale furthermore allows us to identify the measures chosen to achieve the envisaged 
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reduction. For the ambitious aims of the LRS scenario, a significant different development pathway in the electricity 
sector would be necessary (Fig. 1). In comparison to the IPO scenario, most important means for electricity 
provision in the year 2040 are CSP power plants (4.6 GW attributable to Gauteng) as well as coal-fired power plants 
with carbon capture and storage, here used in an integrate gasification combined cycle process (4.9 GW attributable 
to Gauteng). Changes in the demand sectors as consequence of the optimization of the whole energy system, result 
in the total electricity provision to Gauteng reduced to 130 TWh in 2040, which is 17% less than under implemented 
polices. In total about 32 TWh are provided via CSP, which corresponds to about one quarter of the total electricity 
provision for Gauteng (i.e. 130 TWh in 2040). Other renewable energy forms such as wind energy converters, hydro 
energy and PV – which contribute about 14 GW (40%) to the installed capacity under GHG reduction in 2040 – 
have smaller contribution to electricity provision (i.e. about 16 TWh or 12% of the total provision). 
 
Fig. 2: Left: Greenhouse gas emission between 2010 and 2040 in the LRS scenario in comparison to the reference scenario IPO.  
Right: Electricity provision for typical summer weekday in the LRS scenario in 2040. 
In terms of CSP, the model favours parabolic trough configurations with storage, which allow for covering the 
fluctuation in electricity demand. Both, the extended storage as well as the limited storage option are applied for 
electricity provision. This is exemplary demonstrated in Fig. 2 (right hand side) for a typical summer weekday under 
climate policies. Whereas the extended storage option allows to almost constantly supplying electricity over the day, 
electricity provision of the limited storage option peaks during day time. Electricity provision of PV obviously peaks 
during day time, whereas the electricity provision during night hours is zero. Pump storages as well as gas turbines 
allow compensating remaining fluctuations in the system according to the demand. 
5. Conclusion 
The conducted research shows that CSP offers a suitable option to deliver base load or dispatchable energy in 
countries with high DNI values. Moreover the deployment of a storage option offers the possibility to securely 
replace conventional generation capacity, helping to fulfil present and upcoming GHG mitigation targets. Using a 
probabilistic reliability model for the calculation of the capacity credit shows for the present energy system of South 
Africa that depending on storage capacity of the added CSP capacity substantial differences in firm capacity can be 
found. Using these capacity credit values in an integrated energy system model approach indicates that under a 
stringent GHG mitigation scenario CSP undertakes both the task of delivering baseload power through the 
deployment of CSP plants with extended storage capacity as well as supplying additional dispatchable energy via 
plants with limited storage capacity. Moreover the importance of flexible power supply and thus capacity credit 
values of CSP in future energy systems will increase due to increasing shares of fluctuating electricity generating 
technologies like wind energy or photovoltaic systems without storage. 
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Using an integrated energy system model for South Africa the market potential for CSP in South Africa was 
evaluated. In difference to simulation approaches which allow to analyse the behaviour of the system if an 
exogenous given penetration of CSP is added, the applied optimization approach allows to identify if CSP should be 
part of cost-effective energy plan and climate protection concept. The results show that CSP can successfully 
contribute to electricity provision in a climate protection environment. Even though, levelized cost of power 
generation are higher than for other renewable electricity sources (e.g. wind energy or solar PV), the possibility of 
storing thermal energy and dispatching electricity according to the demand is an advantage not to be undervalued.  
The presented results can be used to identify market possibilities for CSP in South Africa. Based on an analysis 
of the whole energy system we show that the share of renewable firm capacity and minimized system cost is crucial 
and should be considered through the future procurement of CSP capacity with appropriate storage size aiming to 
decrease the system’s GHG emissions efficiently. However, the results also show that additional measures in the 
demand sectors are necessary, which inter alia reduce future electricity demand. 
In this study, the capacity credit was only calculated for the current electricity supply. Further research should 
consider how the capacity credit of CSP changes according to the energy system modelling results for scenarios. 
This could be handled in an iterative process, taking into account the scenario results for installed electricity 
generation capacity and the respective electricity dispatch and consumption. The presented methodology, however, 
allows calculating the capacity credit under these circumstances as it is not reliant on the availability of detailed 
historic data. To limit the complexity, we only analysed one power plant location (i.e. Upington) in this research. As 
the available solar radiation differs across the country, further research should considered different locations, taking 
into account the distribution options to the demand centres, which is a reasonable extension of the presented 
methodology.  
The here presented tools allow to show how different configurations can be integrated into the grid and the whole 
energy system. Due to their flexibility, the tools developed can be extended or transferred to other regions (e.g. the 
whole of South Africa or other counties in the world such as Brazil) to show possible market introduction strategies 
for CSP. It is additionally reasonable to include further CSP technologies (e.g. solar tower) or different storage 
concepts and storage size into the analysis, which was not part of this study due to simplification.  
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